Introduction
============

*Acinetobacter (A.) baumannii* is a glucose non-fermentative gram-negative coccobacillus, considered a relevant nosocomial pathogen occurring particularly in intensive care units (ICUs), as well as in burn therapy units ([@r1]). The most frequent healthcare-associated infections are urinary tract infections, bacteremia, surgical site infections, and ventilator-associated pneumonia. *A. baumannii* strains become resistant to almost all antimicrobial agents, including carbapenems ([@r2]). Beta-lactamase-mediated resistance is the most common mechanism of carbapenem resistance in this species. The most important mechanism of carbapenem resistance is the production of carbapenemases of class A (KPC) ([@r3]), class B (metallo-beta-lactamases: metallo-β-lactamases (MBLs) of IMP, VIM or SIM family) ([@r4]-[@r8]) or class D carbapenem-hydrolyzing class D carbapenemases (CHDL) ([@r9]). However, *Acinetobacter* may develop resistance to carbapenems through various combined mechanisms, including decreased permeability, altered penicillin binding proteins (PBPs), and rarely, efflux pump overexpression ([@r10]). The production of MBLs cannot be detected based on conventional susceptibility testing. Isolates co-harboring CHDL and MBLs have also been reported ([@r11]-[@r14]), complicating the phenotypic detection. The genes encoding MBLs are located on integrons that frequently contain genes encoding extended spectrum beta-lactamases (ESBLs) and other resistance determinants, thus reducing therapeutic options ([@r15]). Therefore, simple screening and inexpensive non-molecular methods need to be implemented in routine practice of diagnostic clinical laboratories. MBLs are inhibited by chelating agents such as ethylenediaminetetraacetic acid) (EDTA) and thiol compounds that are frequently used in inhibitor based detection methods ([@r16]). Several tests have been proposed for the detection of MBLs in gram-negative bacteria with Epsilometer test (E-test) and combined disk test most commonly used ([@r8], [@r16]). However, there are concerns about the specificity of inhibitor-based tests, particularly in *Pseudomonas aeruginosa* ([@r17]). False positive results have been reported because the chelating agents themselves increase membrane permeability and enhance the bactericidal effect. Recently, false positive phenotypic tests have also been described in *A. baumannii* ([@r14], [@r18]). However, there are no systematic studies to date on the reliability of inhibitor based tests for detecting MBLs in *A. baumannii*. The aim of this study was to assess the sensitivity and specificity of inhibitor based tests in the detection of MBLs in *A. baumannii* possessing VIM and CHDL, as well as to determine the accuracy of these non-molecular tests in distinguishing between MBLs and other carbapenemases.

Materials and Methods
=====================

Bacteria
--------

A total of 172 (123 carbapenem-resistant and 49 carbapenem-susceptible) *A. baumannii* strains were collected in this multicenter study (Pula General Hospital, Zagreb University Hospital Centre, Varaždin General Hospital, Sisak General Hospital, Merkur University Hospital, Dr Fran Mihaljević University Hospital for Infectious Diseases, Bjelovar General Hospital and Godan Nursing Home from Zagreb) during the 2009-2014 period from various clinical specimens and analyzed in our previous studies ([@r14], [@r19], [@r20]).

Susceptibility testing
----------------------

Susceptibility to imipenem and meropenem was tested by disk diffusion and broth microdilution test, and interpreted according to the CLSI criteria ([@r21]-[@r23]).

Detection of metallo-β-lactamases
---------------------------------

Phenotypic detection of MBLs was performed by combined disk test with the addition of EDTA and by EPI-broth microdilution test with the addition of 1,10-phenanthroline and EDTA (0.5 mM) ([@r17], [@r24], [@r25]). Augmentation of the inhibition zone around imipenem and meropenem disk by at least 7 mm in the presence of EDTA was considered to be a positive result in disk diffusion, whereas an 8-fold (three dilutions) reduction in the minimum inhibitory concentration (MIC) of imipenem or meropenem by EDTA was indicative of the production of MBL in dilution test. The genes encoding MBLs (IMP, VIM, NDM, SIM) and carbapenem-hydrolyzing oxacillinases were detected by polymerase chain reaction (PCR) and sequencing in previous studies ([@r14], [@r19], [@r20]).

Results
=======

Susceptibility testing
----------------------

All carbapenemase positive strains, including MBL and CHDL were found to be resistant or intermediately susceptible to carbapenems with MICs of imipenem and meropenem ranging from 8 to \>128 mg/L. The carbapenemase negative strains were predominantly susceptible or intermediately susceptible to carbapenems with 10 strains exhibiting resistance to meropenem due to the insertion sequence IS*Aba1* upstream of *bla*~OXA-51~ gene.

Characterization of beta-lactamases
-----------------------------------

Twenty-seven strains were positive for *bla*~OXA-23~-like, 74 for *bl*a~OXA-40~-like, and 22 for *bla*~OXA-58~-like genes. Eleven of the *bla*~OXA-23~-like positive isolates co-harbored *bla*~VIM-1~ gene. Sequencing of representative *bla* genes revealed the presence of *bla*~OXA-23~, *bla*~OXA-72,~ *bla*~OXA-58,~ and *bla*~VIM-1~ genes. Forty-nine strains were negative for acquired carbapenemases and were used as negative control strains.

Detection of metallo-β-lactamases
---------------------------------

Combined disk test with EDTA and EPI-dilution test were positive in all 11 isolates possessing VIM-1 MBL, showing sensitivity of 100%, as illustrated in [Table 1](#t1){ref-type="table"}. However, false positive results in inhibitor based disk tests were observed in all OXA-23 and OXA-24/40 producing organisms with both disks, and in 77% and 73% of OXA-58 positive strains with imipenem and meropenem disk, respectively. Thus, the specificity of inhibitor based disk test was 0% for both OXA-23 and OXA-24/40, and 23% and 27% for OXA-58 producing strains, depending on the indicator disk. EPI dilution method yielded false positive results in all OXA-23 positive and OXA-24/40 positive strains and 68% of OXA-58 organisms ([Table 1](#t1){ref-type="table"}). For EPI-dilution test, the specificity was 0% for OXA-23 and OXA-24/40 positive isolates and 32% for OXA-58 producers. The carbapenemase negative strains yielded false positive results in disk test in 4 (8%) and 5 (10%) out of 49 strains with imipenem and meropenem disk, respectively. Only one strain demonstrated a false positive result in dilution method (2%).

###### Number and percentage of positive isolates in dilution and disk method with imipenem or meropenem for metallo-β-lactamase (MBL) positive strains (true positive), carbapenem-hydrolyzing class D carbapenemases (CHDL) producing strains (false positive) and carbapenemase negative strains. Reduction of minimum inhibitory concentrations (MICs) and increase of the inhibition zone in the presence of EDTA is shown (range and median)

  Type of carbapenemase    Number of positive strains /number of strains tested\* n (%)   Range of imipenem MIC (mg/L) reduction (X-fold) †   Number of positive strains /number of strains tested n (%)   Range of meropenem MIC (mg/L) reduction (X-fold) †   Number of positive strains /number of strains tested‡ n (%)   Range of inhibition zone enlargement (mm) around the imipenem disk (median)   Number of positive strains /number of strains tested‡ n (%)   Range of inhibition zone enlargement (mm) around the meropenem disk (median)
  ------------------------ -------------------------------------------------------------- --------------------------------------------------- ------------------------------------------------------------ ---------------------------------------------------- ------------------------------------------------------------- ----------------------------------------------------------------------------- ------------------------------------------------------------- ------------------------------------------------------------------------------
  VIM+OXA-23               11/11 (100%)                                                   16-\>64 (32)                                        11/11 (100%)                                                 16-256 (64)                                          11/11 (100%)                                                  8-15 (13)                                                                     11/11 (100%)                                                  12-18 (16)
  OXA-23                   16/16 (100%)                                                   8-32 (16)                                           16/16 (100%)                                                 8-64 (16)                                            16/16 (100%)                                                  8-16 (11)                                                                     16/16 (100%)                                                  9-17 (13)
  OXA-24/40                74/74 (100%)                                                   4-\>128 (16)                                        74/74 (100%)                                                 8-256 (16)                                           74/74 (100%)                                                  8-17 (14)                                                                     74/74 (100%)                                                  8-17 (15)
  OXA-58                   15/22 (68%)                                                    4-\>128 (48)                                        15/22 (68%)                                                  4-512 (32)                                           17/22 (77%)                                                   4-18 (10.5)                                                                   16/22 (73%)                                                   5-19 (13)
  Carbapenemase negative   1/49 (2%)                                                      0-4 (2)                                             1/49 (2%)                                                    0-8 (4)                                              4/49 (8%)                                                     0-10 (5)                                                                      5/49 (10%)                                                    0-8 (5)

\*broth microdilution method with imipenem as indicator; †EDTA and 1,10-phenanthroline; ‡combined disk test with imipenem or meropenem disk as indicator

The augmentation of the inhibition zone around imipenem disk in the presence of EDTA ranged from 8 to 16 mm with a median of 11 mm for OXA-23 MBL negative strains, 8 to 17 mm for OXA-24/40 (median 14 mm), and 4 to 18 mm for OXA-58 producers, as shown in [Table 1](#t1){ref-type="table"}. MBL positive strains showed an increase of the inhibition zone around imipenem disk of 8 to 15 mm (median 13 mm), as seen in [Table 1](#t1){ref-type="table"}. No significant increase of the inhibition zone was observed in carbapenemase negative strains (0 to 10 mm, median 5 mm).

The increase of the inhibition zone around the meropenem disk ranged from 9 to 17 mm for OXA-23 MBL negative strains (median 13 mm), 8 to 17 mm for OXA-24/40 positive strains (median 15 mm), and 5 to 19 mm for OXA-58 (median 13 mm). The true MBL positive strains showed enlargement of the inhibition zone around imipenem disk ranging from 12 to 18 mm (median 16 mm), as depicted in [Table 1](#t1){ref-type="table"}. Carbapenemase negative strains yielded an increase of the inhibition zone around the imipenem disk ranging from 0 to 8 mm (median 5 mm).

The median enlargement of the inhibition zone for imipenem was highest with true MBL positive strains and OXA-24 producers (14 mm), followed by OXA-23 positive strains (11 mm) and OXA-58 (10.5 mm). The median increase of the meropenem inhibition zone in the presence of EDTA was most pronounced with true MBL producers (16 mm) and OXA-24/40 positive strains (15 mm), followed by OXA-58 and OXA-23 (13 mm). EDTA embedded blank disks produced growth inhibition zones ranging from 4 to 7 mm due to the bactericidal effect of EDTA causing increased membrane permeability.

The positive predictive value of the combined disk test with imipenem disk among the carbapenemase positive isolates was very low (9.48%) due to the very high number of false positive results. However, the negative predictive value was 100% with carbapenem-resistant strains.

Discussion
==========

Taken all together, the specificities of the combined disk test and EPI dilution test among OXA positive strains were very low (4.46% and 6.25%, respectively). Their specificities for MBL detection were much higher among *A. baumannii* strains that were carbapenemase negative (91.8% and 98%, respectively). The difference between false positive rates of MBL detection with imipenem as indicator among OXA positive and carbapenemase negative *A. baumannii* strains was found to be statistically significant with both combined disk test and dilution method (p\<0.001).

High sensitivity of inhibitor based tests was previously reported in *A. baumannii* ([@r26]). However, specificity is a problem. EDTA caused a significant increase of the imipenem and meropenem inhibition zone, not only for MBL producers, but also for the CHDL positive isolates. False positive results in inhibitor based tests occur because in the presence of EDTA, oxacillinases are converted to a less active state leading to augmentation of the inhibition zone around the carbapenem disk and reduction of carbapenem MICs. This phenomenon was previously reported in *A. baumannii* ([@r18]). The rate of false positive results in our study was highest among OXA-40 and OXA-23 positive isolates and much lower but still very high in OXA-58 positive isolates. This result can be explained by better hydrolysis of carbapenem substrates by OXA-40-like and OXA-23-like beta-lactamases and less efficient by OXA-58.

With combined disk test, differences in the percentages of false positive results between OXA-23 and OXA-58 and between OXA 24/40 and OXA-58 were statistically significant (p\<0.05 and p\<0.001, respectively), as were those with EPI-dilution test (p\<0.05 and p\<0.001, respectively). The study showed high sensitivity but low specificity of phenotypic methods in the detection of MBLs in *A. baumannii* and pointed to the necessity of molecular detection of MBL genes in *A. baumannii* by PCR. Low specificity was found only for CHDL positive organisms. The carbapenemase negative strains yielded only a few false positive results, demonstrating that the effect of EDTA on oxacillinases rather than the bactericidal effect of EDTA itself was responsible for the false positive results. There was no difference in the sensitivity and specificity of both methods with regard to the indicator antibiotic. Similar results were obtained with both carbapenems, imipenem and meropenem. According to our results, inhibitor based tests can distinguish MBL positive from carbapenemase negative, but not from CHDL positive organisms.

Unlike in *A. baumannii*, EDTA based disk test was shown to have high specificity in *Enterobacteriaceae* in distinguishing MBLs from KPC and OXA-48 ([@r27]). Some authors recommend double-disk synergy test using two ceftazidime disks and a filter disk containing EDTA adjacent to one CAZ disk for detection of MBLs in *Acinetobacter* spp., *Pseudomonas* spp. and *Enterobacteriaceae*. Expansion of the inhibition zone between two ceftazidime disks indicates production of MBL ([@r24]). According to some studies, supplementation of the EDTA disks with mercaptiopropionic acid as a thiol compound increases the sensitivity and specificity of the double-disk synergy test for detection of MBLs in *A. baumannii* and other gram-negative bacteria ([@r28]).

The difficulty to detect MBLs in *A. baumannii*, variable MICs of carbapenems, together with their potential to disseminate, highlights the need for an accurate screening method. E-test MBL is an easy and simple but expensive method ([@r16]). Inhibitor based test with EDTA, although inexpensive and simple to perform, lacks specificity. Dilution method is both laborious and time consuming, and was also shown to have low specificity. Molecular methods are expensive and require well-equipped laboratories and educated staff. Therefore, detection of MBLs in *A. baumannii* is a huge challenge to clinical microbiologists, particularly in isolates with multiple carbapenem-resistance mechanisms, such as those co-harboring CHDL and MBL. The difficulties with phenotypic detection have also been reported for OXA-48 β-lactamase in *Enterobacteriaceae* ([@r29]).
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